ABSTRACI'. To assess the effects of hypothyroidism (HT) on small-intestinal function, H T was induced in rats (120-150 g) by methimazole in drinking water. After 6 wk of methimazole, intestinal absorption studies were performed in H T and in control (C) rats by in situ luminal perfusion of a 20-cm proximal jejunal loop with a bicarbonate buffer containing sodium, glucose or fructose, glycine or lysine, and phenol red as a nonabsorbable marker for determination of water fluxes. Mucosa from the perfused segment was taken for assay of disaccharidases and ATPases and for light and electron microscopy. Compared with C rats, H T rats had significantly lower jejunal transport rates of water (2.54 f 0.36 versus 5.02 f 0.7 pL/min/pg mucosal protein, p < 0.03), sodium (37.1 + 10.3 versus 102.7 + 18.6 pmol/min/pg protein, p < 0.05), and glucose (1.49 f 0.28 versus 5.17 + 0.82 pmol/min/pg protein, p < 0.02). A reduction in glycine transport was also observed but did not attain statistical significance ( p = 0.058). Fructose and lysine transport was unchanged. Mucosal sucrase and lactase activities were similar in both groups, but Na,KATPase was significantly lower in H T rats (1.17 + 0.3 versus 4.03 f 1.5 pmol inorganic phosphate/h/mg protein; p < 0.05), with a diminution of ouabain binding sites by 41.5%. Light microscopy of jejunal mucosa from H T rats did not differ from that from C rats; electron microscopy showed mild mitochondrial swelling in H T enterocytes. A group of H T rats were treated with L-thyroxine during 4 wk; these rats had absorption rates, mucosal enzyme activities, ouabain binding, and mucosal morphology not different from C rats. We conclude that H T in the rat can depress jejunal mucosal Na,K-ATPase activity and reduce Na,K-ATPase-dependent transport without structural changes other than mild enterocyte mitochondrial swelling. A diminished jejunal functional capacity might add a nutritional component to the growth retardation that is observed in HT. (Pediatr Res 34: 79-83, 1993) Abbreviations HT, hypothyroid(ism) HT&T, thyroxine-treated hypothyroidism C, control Na,K-ATPase, sodium-potassium activated adenosine triphosphatase 
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We have investigated the effects of HT on jejunal mucosal transport function by in situ luminal perfusion studies in rats.
MATERIALS AND METHODS
The study was approved by the Laboratory Animal Ethics Committee of Technion-Faculty of Medicine, and the rules and guidelines of the Committee were strictly followed.
HT was induced in 32 male Sprague-Dawley rats (120-150 g) by administration of methimazole, 100 mg/kd/d, in drinking water during 6 wk (HT rats). Of these HT rats, 16 (HT&T rats) were treated with sodium L-thyroxine, 4 pg/kg/d, during a 4-wk period. A group of 28 healthy rats served as controls (C rats). Gavage feeding assured that the food intake of the rats in all three groups would be similar. Figure 1 shows the weight curve (mean) of each group of rats: those receiving methimazole stopped gaining weight by the 2nd wk of treatment; supplementation with thyroxine provoked an increase in the rate of weight gain in HT rats. The experimental studies were conducted after 6 wk of methimazole administration (HT along with C rats) and after 4 wk of thyroxine supplementation (HT&T with C rats). Serum free-thyroxine values (ng/dL; mean + SD) of the rats on the day of the experiment were as follows: HT rats, 0.4 * 0.06; HT&T rats, 1.2 + 0.13; C rats, 1.1 * 0.15 ( p < 0.05 HT versus HT&T and C).
We examined jejunal mucosal transport capacity, brush-border enzymes and mucosal ATPase activity, kinetics of mucosal ouabain binding, and mucosal appearance on light and electron microscopy.
Jejunal transport studies. The rats were anesthetized with Pentothal4 mg/100 g body weight intraperitoneally. The proximal jejunum was exposed by a midline abdominal incision, and a 20-cm segment just distal to the ligament of Treitz was cannulated at its proximal and distal ends for in situ luminal perfusion. The test solution was driven at an average rate of 0. After 30 min of equilibration with free luminal perfusion, four 15-min aliquots of eflluent perfusate were collected from the distal end of the jejunal loop for measurement of water, sodium, glucose or fructose, and glycine or lysine content. The jejunal transport rates of sodium, glucose, fructose, glycine, and lysine were calculated from the differences in their concentration in the perfusion solution and in the eflluent and were corrected for water flux, mucosal protein concentration (pg protein/mg wet tissue/cm jejunum), and pumping rate. The concentration of sodium was measured by an ion-specific electrode (Beckman Instruments, ASTRA analyzer, High Wycombe, Bucks, UK); fructose was measured by the method of Davis and Gander (10); glycine and lysine were determined by 3H liquid scintillation counting (Beckman LS 230); and phenol red was measured by the method of Miller and Schedl(9). The recovery of phenol red in all samples was 98 + 4.2% (mean + SD).
Mucosal enzymes. After completion of the perfusion period, the experimental loop was cut open longitudinally along the antimesenteric aspect; the mucosa was carefully scraped off with a glass slide, and a specimen was immediately frozen and stored at -60°C for <1 wk before the assay of lactase and sucrase activity. The remaining fresh specimen was used for the assay of Na,K-ATPase activity and for [3H]ouabain binding. Specific lactase and sucrase activities were determined in mucosal specimens obtained on the same day from experimental and control rats, by the method of Dahlqvist (1 1). Protein content of the mucosa was determined by the method of Bradford (12). Na,KATPase was assayed in fresh mucosal specimens that were immediately homogenized at 0 to 4°C in a solution containing 1 mM EDTA and 10 mM Tris-HC1 buffer (pH 7.5), using a PotterElvehjem glass homogenizer with a motor-driven Teflon pestle. The final concentration of the homogenate was 30 mg of tissue per mL of buffer solution.
The homogenates were incubated in an ATP-containing medium for starting the enzymatic reaction, and ATPase activity (pmol inorganic phosphate released per mg protein/h) was assayed in the presence and absence of ouabain (1 mM) to differentiate between total, Mg, and Na,K-ATPases, according to the method of Kramer et al. (13) . The incubation medium contained a final concentration of 3 mM ATP, 3 mM Mg2+, 100 mM sodium, 20 mM potassium, and 100 mM imidazole-HC1 buffer at pH 7.2.
[3H]ouabain binding to Na,K-ATPase was studied using an adaptation of the method described by Yamamoto et a/. (14). The freshly prepared homogenates (approximately 3 mg of tissue/mL) were incubated with 10 nM [3H]ouabain in the presence and absence of different concentrations of nonradioactive ouabain in a medium containing 200 mM NaCl, 5 mM MgCl2, 5 mM Tris-ATP, and 5 mM Tris-HC1 buffer at pH 7.5. The medium was preincubated at 37°C for 5 min; the binding reaction was started by addition of the homogenate and was allowed to proceed for 15 min at 37°C. The aliquots were filtered through type AA 8-pm-pore nitrocellulose filters (Millipore Corp., Bedford, MA) for separation of free from tissue-bound ouabain. The filters were dissolved in ethyleneglycol monomethyl ether, and the radioactivity was measured by liquid scintillation spectrometry. Specific, ATP-dependent uptake was calculated by substracting nonspecific [3H]ouabain uptake that occurred in the absence of ATP from the total uptake as observed in the presence of ATP. The data were analyzed by constructing Scatchard plots for estimation of dissociation constants and ouabain binding sites.
Mucosal structure and ultrastructure. Samples from the wall of the jejunum just distal to the perfused loop were fixed in 2.5% glutaraldehyde buffered with 0.1 mM cacodylate at pH 7.3 and prepared for light and electron microscope study by standard methods.
Statistical analysis. Statistical analysis of the data was done by analysis of variance for repeated measures and by t test where appropriate. A p value of 0.05 or less was considered statistically significant.
RESULTS

M~tcosal mass.
The wet weight (mean + SD) of the mucosal scrapings per cm of jejunum from the HT, HT&T, and C rats was 14 + 1.67, 13.57 + 2.01, and 13.2 + 1.86 mg, respectively; the protein content per mg mucosa was 0.041 + 0.002, 0.052 + 0.003, and 0.058 +-0.003 pg, respectively. Although HT rats had a relatively lower mucosal protein content, the differences were not statistically significant, perhaps due to the short duration of the HT state of the HT rats.
Mucosal transport. The jejunal transport rates of water, sodium, and glucose, were significantly lower in the HT rats than in controls ( p < 0.03, p < 0.05, and p < 0.02, respectively) (Fig.   2 ). The absorption rates of glycine were also lower in the HT rats, but the difference was not statistically significant ( p = 0.058). The transport rates of fructose and lysine were similar in both groups. The jejunal transport capacity of the HT&T rats was not different from that of C rats.
Mucosal enzymes. The activity of the brush border enzymes lactase and sucrase, and mucosal "total" ATPase activity, was similar in the HT, HT&T, and C rats. Mucosal Na,K-ATPase activity in the HT&T rats was not different from that in the C rats. In contrast, Na,K-ATPase activity in the jejunal mucosa of HT rats was significantly decreased ( p < 0.05) (Fig. 3) . Scatchard plots, derived from data obtained by estimation of ATP-dependent [3H]ouabain binding by the mucosal homogenates, demonstrated a significant reduction in the number of binding sites for ouabain ( p < 0.02) in the mucosa of the HT rats, as compared with the HT&T and C rats.
Binding site concentration and kd were estimated for each rat jejunal homogenate from the intercept and the slope of the linear regression line fitted to a plot for each experiment by the leastsquares method. The averaged data are shown in Table 1 .
Whereas kd for ouabain, which expresses affinity, was similar in the mucosal preparations of all three groups, the number of binding sites for ouabain in the HT rats was lower than in the Fig. 2 . Jejunal transport rates (mean + SD) of water and sodium ( A ) and glucose, fructose, glycine, and lysine (B) in C, HT, and HT&T rats.
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There is a significant reduction of water, sodium, and glucose absorption and a diminished glycine transport in the HT rats; fructose and lysine transport is unaffected.
HT&T and C rats by 42 and 41.5%, respectively, indicating a diminished Na,K-ATPase concentration in the mucosa of the HT rats (1 5).
Mucosal histology and ultrastntcture. The histologic appearance of the jejunal mucosa was identical in the HT, HT&T, and C rats. Electron microscopy showed no alterations in enterocyte arrangement, microvillar brush border, or intracellular organization in all three groups. However, in the HT rats, there was mild swelling of enterocyte mitochondria, with a widening of the cristae and a decrease in matrix density. Such mitochondria1 swelling was not observed in HT&T or C rats.
DISCUSSION
Evaluation of the influence of HT on small-intestinal absorption in patients and in intact animals is complicated by the multiple and often inconsistent alterations that HT may induce in each of the diverse determinants of gut function. In vifro studies of the effects of thyroid deprivation on epithelial transport, using models such as intestinal rings or everted sacs (2, 7, 8, 16), have often produced data that differ significantly from those obtained by in vivo investigations (2, 8) . Moreover, the effect of thyroid hormones on intracellular respiration and metabolism is known to be biphasic-namely, modest doses of hormone will stimulate oxygen consumption and promote anabolism, whereas large doses will have the opposite effect, including alterations in carbohydrate and protein turnover and sodium transport (17) . This phenomenon may account, in part, for the disparity between the various reports, as the magnitude of the hyperthyroidism or HT prevailing in the clinical or experimental situation may have dictated the outcome of the study. tose and lysine are not dependent on Na,K-ATPase for their absorption (19, 20) . In addition to confirming a reduction in jejunal mucosal Na,K-ATPase activity, the present work reports due to malnutrition, it seems that its role was rather minor, because brush-border enzyme activities, mucosal morphology, Fig. 3 . Jejunal mucosal ATPase activity in the three groups of rats and the transport of fructose and lysine were not different from (mean + SD). Activity of Na,K-ATPase was significantly lower in HT controls. The pattern of jejunal mucosal response to HT in the rats compared with HT&T and C rats. present work bears a striking resemblance to the alterations in small-intestinal absorptive function that have been described to Table 1 . ATP-dependent ['Hlouabain binding (mean * SEM) occur during mild-to-moderate hypoxia (21, 22) . This leads us by jejunal mucosal homogenatesfrom HT, HT&T, and C rats* to speculate that the functional changes observed in our HT rats, Bm, which were reversed by thyroid supplementation, stem from Group n t (pmol/mg prot) kd (nM) underutilization of energy sources. In effect, a substantial proportion of the stimulation of cellular HT ing jejunal epithelium (23) (24) (25) (26) . In addition, thyroid hormone *Jejunal homogenates were incubated in a 10-nM ['Hlouabain-con-influences the Oxygen "unloading" capacity of erythrocytes (27) , taining medium, in the presence of either 0, 20, 50, 100, 500, or 1000 with thyroid deprivation causing a "shift to the left" of the nM nonradioactive ouabain. ATP-dependent binding is the difference Hb-oxygen dissociation curve (281, whereby a hypoxia-like situbetween ['Hlouabain binding in the presence and absence of ATP. ation might be induced at the tissue level.
Whereas the kd (affinity-') for ouabain was similar in all three groups,
In conclusion, HT may reduce small-intestinal mucosal Na,Kthe number of binding sites (B, , ) was significantly lower in the mucosal ATPase activity, apparently in association with a diminished homogenates of the HT rats.
mucosal Na,K-ATPase concentration, and decrease Na,K-ATPf n = number of experiments.
ase-associated absorption. An impairment of intestinal absorp-$ p < 0.02 vs. HT&T and C. tive capacity and its nutritional consequences could be a contributing factor to growth delay in HT. Whereas information derived from in vitro experiments may clarify the direct effect of HT at the tissue or the cellular level, Acknow[edgments. The authors thank Edith Cohen and in vivo studies are more likely to reflect events as they bear on Nahum Azaria for technical assistance. the clinical situation. The experimental design of the present work allowed us to observe the effects of HT on the small gut by the concomitant study of absorption, enzyme activities, and
